SummaryWe generated homogenous and functional intestinal epithelial cells from human induced pluripotent stem cells for pharmaceutical research by CDX2 transduction. Our human induced pluripotent stem cell--derived intestinal epithelial cell monolayers can predict intestinal absorption rate, intestinal first-pass effect, and drug-drug interactions of orally administered drugs.

The majority of orally administered drug absorption occurs at the human small intestine. Because the human small intestine expresses high levels of cytochrome P450 3A4 (CYP3A4) and other drug-metabolizing enzymes,[@bib1], [@bib2] it plays an important role in not only drug absorption, but also drug metabolism. It is known that the intestinal first-pass metabolism of many clinically important CYP3A4 substrates contributes to their low oral bioavailability.[@bib3] In addition, clinically important drug-drug interactions can take place via CYP3A4 induction or inhibition, as seen with verapamil and rifampicin (RIF)[@bib4] and with cyclosporine and ketoconazole.[@bib5] Such drug-drug interactions may cause unexpected side effects or reductions in drug efficacy. Therefore, it is essential to predict the intestinal absorption (the fraction absorbed \[*Fa*\]), intestinal first-pass effect (the fraction passing the gut wall \[*Fg*\]), and drug-drug interactions to develop safe and effective orally administered drugs. To date, however, no comprehensive system has been established for the prediction of intestinal pharmacokinetics and drug responses.

Because primary human intestinal epithelial cells are difficult to obtain and culture, experimental animals, Ussing chambers, and cancer cell lines are widely used as intestinal models for intestinal pharmacokinetics study. However, there are large species differences in drug metabolism between human and experimental animals such as mice and rats.[@bib6] Although Ussing chambers and Caco-2 cells are good models for the evaluation of drug absorption, they cannot be utilized in drug metabolism and drug-drug interaction studies because they lack or underexpress the drug-metabolizing enzymes (eg, CYP3A4) as compared with the human adult small intestine in vivo.[@bib7], [@bib8] In addition to the models mentioned previously, recent studies have shown that human intestinal epithelial cells could be generated from human embryonic stem cells, human induced pluripotent stem cells (iPSCs), human intestinal biopsies, and human fibroblasts.[@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15] Nonetheless, the CYP3A4 expression level was extremely low in human iPSC--derived intestinal epithelial cells (iPS-IECs) (approximately 1/100--1/1000 of the expression in the human adult small intestine in vivo).[@bib9], [@bib16], [@bib17], [@bib18] Therefore, the previously developed human iPS-IECs, like Ussing chambers and Caco-2 cells, currently cannot be used for drug metabolism and drug-drug interaction studies. The method for differentiating intestinal epithelial cells must be improved to allow the use of human iPS-IECs for the prediction of fraction passing the gut wall (*Fg*), and drug-drug interactions.

To promote the differentiation of cells such as hepatocytes, osteoblasts, and adipocytes differentiations, we have demonstrated the effectiveness of gene transfer technologies using our fiber-modified adenovirus (AdK7) vector,[@bib19] which contains a stretch of lysine residue (K7) peptides in the C-terminal region of the fiber knob for highly efficient transduction of human iPSCs and their derivatives, realizing a transfection efficiency of almost 100%.[@bib20] Because many transcription factors are transiently expressed in the cellular differentiation process, we considered that vectors, such as adenovirus (Ad) vectors that can perform transient overexpression, are more suitable for cellular differentiation than lentivirus and retrovirus vectors. Previously, we succeeded in generating almost homogenous and highly functional hepatocyte-like cells from human iPSCs by AdK7 vector-mediated FOXA2, HNF1A, and HNF4A transductions.[@bib20], [@bib21] Thus, in our present experiments, we tried to generate almost homogenous and highly functional intestinal epithelial cells from human iPSCs using AdK7 vector-based gene transfer technology.

For this purpose, we screened intestinal transcription factors to promote highly efficient intestinal differentiation from human iPSCs. Human iPSC--derived intestinal epithelial cell monolayers (iPS-IECMs) were generated on the chamber. We examined whether these monolayers could be used to evaluate the intestinal absorption rate, intestinal first-pass effect, and drug-drug interactions of orally administered drugs.

Results {#sec1}
=======

Intestinal Differentiation Was Promoted by CDX2 Transduction {#sec1.1}
------------------------------------------------------------

It is known that human iPSCs can differentiate into the intestinal epithelial cells via mesendoderm cells, definitive endoderm cells, and intestinal progenitor cells. To promote definitive endoderm differentiation, human iPSC--derived mesendoderm cells were transduced with FOXA2, as we have previously reported.[@bib21] In this study, to improve the differentiation efficiency toward intestinal epithelial cells, we screened for intestinal transcription factors. Six candidate genes related to intestinal development were selected. Human iPSC--derived intestinal progenitor cells were transduced with transcription factor--expressing Ad vectors (Ad-TFs). The percentage of Villin+ and sucrose isomerase--positive (SI+) cells was significantly enhanced by Ad-CDX2 transduction (Villin+ = 93.2%, SI+ = 53.2%) ([Figure 1](#fig1){ref-type="fig"}*A*). These results suggest that intestinal differentiation could be promoted by CDX2 transduction. In addition, the gene expression levels of Villin, SI, intestine-specific homeobox, and CDX2 were increased by FOXA2 and CDX2 transductions ([Figure 1](#fig1){ref-type="fig"}*B*). The gene expression levels of intestinal transporters (peptide transporter 1, P-glycoprotein, breast cancer resistance protein) and drug-metabolizing enzyme CYP3A4 were also increased by FOXA2 and CDX2 transductions ([Figure 1](#fig1){ref-type="fig"}*C*). The percentages of Villin+ cells in Ad-LacZ--transduced cells and Ad-2TF--transduced cells were 38.9% and 96.2%, respectively ([Figure 1](#fig1){ref-type="fig"}*D*). These results suggest that highly efficient intestinal differentiation could be performed by sequential FOXA2 and CDX2 transduction. We also examined whether the expression of exogenous genes transduced by Ad vectors remain. The expression of exogenous CDX2 had almost disappeared at day 34 ([Figure 1](#fig1){ref-type="fig"}*E*). Instead, at day 34, the expression levels of endogenous CDX2 in the Ad-2TF--transduced cells were significantly higher than those of exogenous CDX2. This result suggests that the gene expression in the Ad-2TF--transduced cells is not influenced by the transgene at the end of intestinal differentiation. In addition, the gene expression levels of chromogranin A (CHGA), lysozyme (LYZ), and mucin 2 (MUC2) were increased during the intestinal differentiation. The procedure for intestinal differentiation is schematically presented in [Figure 1](#fig1){ref-type="fig"}*F*.Figure 1**Intestinal differentiation was promoted by CDX2 transduction.** (*A*) Human iPSCs were differentiated into the intestinal progenitor cells as described in the Materials and Methods section. At day 8 of the differentiation, the intestinal progenitor cells were transduced with 3000 VPs/cell of Ad-TFs for 1.5 hours. Ad-TF--transduced intestinal progenitor cells were differentiated into intestinal epithelial cells as described in the Materials and Methods section. At day 34 of the differentiation, the percentage of Villin+ (left) and SI+ (right) cells was examined by fluorescence-activated cell sorting (FACS) analysis. Statistical significance was evaluated by 1-way analysis of variance followed by Bonferroni's post hoc tests (\**P \<* .05, \*\**P \<* .01, vs Ad-LacZ--transduced cells). (*B*) The gene expression levels of Villin, SI, ISX, and CDX2 in Ad-LacZ--transduced cells, Ad-FOXA2-CDX2 (2TFs)--transduced cells, fetal small intestine, and adult small intestine were examined by real-time RT-PCR. The gene expression levels in the small intestine were taken as 1.0. (*C*) The gene expression levels of peptide transporter 1, P-glycoprotein, breast cancer resistance protein, and CYP3A4 in Ad-LacZ--transduced cells, Ad-FOXA2-CDX2 (2TFs)--transduced cells, fetal small intestine, and adult small intestine were examined by real-time RT-PCR. The gene expression levels in the small intestine were taken as 1.0. (*B*, *C*) Statistical significance was evaluated by 2-way analysis of variance followed by Tukey's post hoc tests. Groups that do not share the same letter are significantly different from each other (*P \<* .05). (*D*) The percentage of Villin+ cells in Ad-LacZ--transduced cells and Ad-2TF--transduced cells was examined by FACS analysis. (*E*) The endogenous and exogenous CDX2, CHGA, LYZ, and MUC2 expression levels were measured by absolute real-time RT-PCR. Statistical significance was evaluated by Student's *t* test (endogenous CDX2 vs exogenous CDX2; \*\**P \<* .01). (*F*) The procedure for intestinal differentiation is presented schematically. Details of the intestinal differentiation procedure are described in the Materials and Methods section. All data are shown as the mean ± SE of 3 independent differentiation experiments.

Human iPS-IECMs Have Drug Metabolism and Absorption Capacities {#sec1.2}
--------------------------------------------------------------

To examine whether the Ad-2TF--transduced cells have small intestinal or colonial characteristics, we performed a gene expression analysis of small intestine- and colon-specific markers ([Figure 2](#fig2){ref-type="fig"}). The gene expression profiles of the Ad-2TF--transduced cells were similar to those of the adult small intestine rather than the adult colon. This result suggests that the Ad-2TF--transduced cells resemble the adult small intestine rather than the adult colon.Figure 2**The gene expression analysis of small intestine- and colon-specific markers.** Human iPSCs were differentiated into the intestinal epithelial cell monolayers as described in the Materials and Methods section. The gene expression levels of (*A*) small intestine-specific markers and (*B*) colon-specific markers in Ad-LacZ--transduced cells, Ad-FOXA2-CDX2 (2TFs)--transduced cells, adult colon, and adult small intestine were examined by real-time RT-PCR. The gene expression levels in (*A*) the adult small intestine and (*B*) adult colon were taken as 1.0. Statistical significance was evaluated by 2-way analysis of variance followed by Tukey's post hoc tests. Groups that do not share the same letter are significantly different from each other (*P \<* .05). All data are shown as the mean ± SE of 3 independent differentiation experiments.

The human iPS-IECMs generated on the chamber were positive for zonula occludens-1 (ZO1) and CYP3A4 ([Figure 3](#fig3){ref-type="fig"}*A*). We also performed an immunostaining analysis of CHGA, LYZ, and MUC2 to confirm the existence of enteroendocrine, Paneth, and goblet cells, respectively ([Figure 3](#fig3){ref-type="fig"}*B*). We confirmed the existence of other major intestinal epithelial cell types in our model. To examine the integrity of the human iPS-IECMs, we evaluated the barrier function of human iPS-IECMs. Barrier function in the human iPS-IECMs was analyzed by transepithelial electrical resistance (TEER) measurements, FD-4, and LY permeability tests. The TEER values in Ad-LacZ-- and Ad-TF--transduced cells were approximately 420 Ω×cm^2^ ([Figure 4](#fig4){ref-type="fig"}*A*). The FD-4 apparent permeability coefficient (Papp) values in Ad-LacZ-- and Ad-TF--transduced cells were approximately 0.12×10^--6^ cm/s ([Figure 4](#fig4){ref-type="fig"}*B*). The FD-4 Papp values were increased by n-capric acid (C10, an absorption-enhancing agent) treatment. The Lucifer yellow (LY) Papp values in Ad-LacZ-- and Ad-TF--transduced cells were approximately 0.44×10^--6^ cm/s ([Figure 4](#fig4){ref-type="fig"}*C*). The typical values of TEER (100--800 Ω×cm^2^) and Papp (\<0.2--2×10^--6^ cm/s) in Caco-2 cells are described in the guideline "Drug Interaction Studies\--Study Design, Data Analysis, Implications for Dosing, and Labeling Recommendations" which was published by the Food and Drug Administration in 2006. These results suggest that human iPS-IECMs have an appropriate intestinal barrier function.Figure 3**Immunostaining analysis of human iPS-IECMs.** Human iPSCs were differentiated into the intestinal epithelial cell monolayers on the chamber as described in the Materials and Methods section. (*A*) The ZO-1 and CYP3A4 expression levels were examined by immunostaining analysis. Nuclei were counterstained with DAPI. Scale bars = 50 μm. (*B*) Immunostaining analysis of CHGA, LYZ, MUC2, and ZO-1 was performed in the human iPS-IECMs. Nuclei were stained with DAPI (blue). Scale bars = 50 μm.Figure 4**Barrier and metabolic functions of human iPSC--derived intestinal epithelial cell monolayers.** (*A*) TEER values of the Ad-LacZ--transduced iPS-IECMs, Ad-2TF--transduced iPS-IECMs, and Caco-2 monolayers were measured by Millicell-ERS2. (*B*) Apical-to-basolateral permeability of FD4 across the Ad-LacZ--transduced monolayers, Ad-2TF--transduced monolayers, and Caco-2 monolayers was measured in the presence or absence of C10 (an absorption-enhancing agent). (*C*) Apical-to-basolateral permeability of LY across the Ad-LacZ--transduced iPS-IECMs, Ad-2TF--transduced iPS-IECMs, and Caco-2 monolayers was measured. (*D*) The CYP3A4-mediated drug metabolizing capacities in the Ad-LacZ--transduced iPS-IECMs, Ad-2TF--transduced iPS-IECMs, and Caco-2 monolayers were evaluated by quantifying the metabolites of the CYP3A4 substrate, MDZ. The quantity of metabolites, 1′-OH MDZ, was measured by UPLC-MS/MS. (*E*) To examine CYP3A4 induction potency, the cells were treated with 100-nM VD3 for 21 days and 20-μM RIF for 2 days. The gene expression levels of *CYP3A4* were measured by real-time RT-PCR. Controls were treated with DMSO (final concentration 0.1%). The gene expression levels in the human small intestine were taken as 1.0. (*A*, *C*, *D*) Statistical significance was evaluated by 1-way analysis of variance followed by Tukey's post hoc tests. Groups that do not share the same letter are significantly different from each other (*P \<* .05). (*B*, *E*) Statistical significance was evaluated by 2-way analysis of variance followed by Bonferroni's post hoc tests (\**P \<* .05, \*\**P \<* .01, FD4 vs FD4 + C10 and control vs VD3 + RIF, respectively). The results are shown as the mean ± SE of 3 independent differentiation experiments.

It is known that the drug-metabolizing enzyme CYP3A4 is strongly expressed in the human small intestine. Next, therefore, we examined the activities of CYP3A4 in human iPS-IECMs. The results showed that the CYP3A4 activities in Ad-TF--transduced cells were significantly higher than those in Ad-LacZ--transduced cells and Caco-2 cells ([Figure 4](#fig4){ref-type="fig"}*D*). In addition, the CYP3A4 induction potency was confirmed in both Ad-LacZ--transduced cells and Ad-TF--transduced cells ([Figure 4](#fig4){ref-type="fig"}*E*). These results suggest that human iPS-IECMs can be utilized in CYP3A4-mediated pharmacokinetic testing.

To further characterize the human iPS-IECMs, we performed global gene expression analysis in the human iPS-IECMs. The gene expression profiles of CYPs ([Figure 5](#fig5){ref-type="fig"}*A*) and adenosine triphosphate--binding cassette transporters ([Figure 5](#fig5){ref-type="fig"}*B*) in the human iPS-IECMs were similar to those in the human adult small intestine in vivo rather than Caco-2 cells. These results suggest that our human iPS-IECMs resemble to human adult small intestine rather than Caco-2 cells.Figure 5**The gene expression profile of CYPs and ABC transporters in human iPS-IECMs.** Human iPSCs were differentiated into the intestinal epithelial cell monolayers as described in the Materials and Methods section. The global gene expression analysis was performed in undifferentiated human iPSCs, human Ad-LacZ--transduced iPS-IECMs, human Ad-2TF--transduced iPS-IECMs, Caco-2 cells, and the human adult small intestine in vivo. Heatmap analyses of (*A*) CYPs and (*B*) ABC transporters are shown.

Human iPS-IECMs Can Be Utilized in Evaluating *Fg* and Predicting Drug-Drug Interaction {#sec1.3}
---------------------------------------------------------------------------------------

To examine whether the Ad-2TF--transduced iPS-IECMs can be applicable to drug permeability studies, apical to basolateral permeability of various drugs (antipyrine, metoprolol, fexofenadine, atenolol, and pravastatin) across the human iPS-IECMs was measured ([Figure 6](#fig6){ref-type="fig"}*A*). The Papp values of each drug in Ad-LacZ--transduced human iPS-IECMs, Ad-2TF--transduced iPS-IECMs, and Caco-2 cells highly correlated with *Fa* values in human in vivo (R^2^ = 0.94, 0.91, and 0.97, respectively). To examine whether the human in vivo *Fg* can be predicted by human iPS-IECMs, the CYP3A4 substrate passing the human iPS-IECMs were evaluated by quantifying the midazolam (MDZ) and 1′-OH MDZ in apical chamber, basolateral chamber, and cells after 60-minute incubation ([Figure 6](#fig6){ref-type="fig"}*B*). The *Fg* value (*Fg* = 0.73) of human iPS-IECMs was similar to that of human intestinal tissue (*Fg* = 0.57) rather than Caco-2 cells (*Fg* = 0.99).Figure 6**Human iPSC--derived intestinal epithelial cell monolayers can be utilized in evaluating *Fg* value.** Human iPSCs were differentiated into the intestinal epithelial cell monolayers on the chamber as described in the Materials and Methods section. (*A*) The apical-to-basolateral permeability of antipyrine, metoprolol, fexofenadine, atenolol, and pravastatin across the Ad-2TF--transduced iPS-IECMs was measured. The data on the human proximal jejunum permeability of antipyrine, metoprolol, fexofenadine, atenolol, and pravastatin in vivo are cited from previously published papers.[@bib35], [@bib36], [@bib37] (*B*) To examine the in vitro *Fg* in the Ad-LacZ-- and Ad-2TF--transduced iPS-IECMs and Caco-2 cells, the CYP3A4-mediated drug metabolizing capacities were evaluated by quantifying the MDZ and 1′-OH MDZ in the apical chamber, basolateral chamber, and cells. The *Fg* was calculated as described in the Materials and Methods section. Statistical significance was evaluated by 1-way analysis of variance followed by Tukey's post hoc tests. Groups that do not share the same letter are significantly different from each other (*P \<* .05). The results are shown as the mean ± SE of 3 independent differentiation experiments.

To examine whether the Ad-2TF--transduced iPS-IECMs can be utilized in drug-drug interaction and drug-food interaction studies, amiodarone-induced hepatotoxicity was evaluated in the presence of 1,25-dihydroxyvitamin D3 (VD3)/RIF (VD3 + RIF, CYP3A4 inducers) or grapefruit juice (GFJ) components (CYP3A4 inhibitors). The amiodarone-treated human iPS-IECMs were co-cultured with human iPSC--derived hepatocyte-like cells to detect hepatotoxicity. Amiodarone is widely used, either intravenously or orally for arrhythmia treatment. It is also known that clinically apparent liver injury occurs in up to 1% of amiodarone-treated patients annually.[@bib22] Amiodarone is known to be metabolized by CYP3A4 and its metabolites show hepatotoxicity.[@bib23] In the presence of VD3/RIF (CYP3A4 inducers), amiodarone-induced hepatotoxicity was significantly increased ([Figure 7](#fig7){ref-type="fig"}*A*). The concentration of amiodarone metabolites in the basal chamber may have been increased because the CYP3A4 activity in human iPS-IECMs was increased by VD3/RIF. In the presence of the GFJ components (CYP3A4 inhibitors), amiodarone-induced hepatotoxicity was significantly decreased ([Figure 7](#fig7){ref-type="fig"}*B*). The concentration of amiodarone metabolites in the basal chamber may have been decreased because the CYP3A4 activity in human iPS-IECMs was decreased by the GFJ components. These results suggest that the human iPS-IECMs can be utilized in drug-drug interaction and drug-food interaction studies.Figure 7**Human iPSC--derived intestinal epithelial cell monolayers can be utilized in predicting drug-drug interactions.** Human iPSCs were differentiated into the intestinal epithelial cell monolayers on the chamber as described in the Materials and Methods section. (*A*) To induce CYP3A4 activity, Ad-2TF--transduced iPS-IECMs were cultured with VD3 for 21 days and RIF for 2 days. Ad-2TF--transduced iPS-IECMs and 1-aminobenzotriazole--treated iPSC-derived hepatocyte-like cells were co-cultured with amiodarone-containing medium for 48 hours. The cell viability of the hepatocyte-like cells was measured. The cell viability of nontreated cells was taken as 100. Statistical significance was evaluated by repeated 2-way analysis of variance followed by Bonferroni's post hoc tests (\**P \<* .05, \*\**P \<* .01, DMSO vs VD3 + RIF). (*B*) To inhibit CYP3A4 activity, Ad-2TF--transduced iPS-IECMs were cultured with 6′,7′-dihydroxybergamottin and bergamottin (GFJ) for 48 hours. Ad-2TF--transduced iPS-IECMs and hepatocyte-like cells were co-cultured with Amiodarone-containing medium for 48 hour. The cell viability of the hepatocyte-like cells was measured. The cell viability of nontreated cells was taken as 100. Statistical significance was evaluated by repeated 2-way analysis of variance followed by Bonferroni's post hoc tests (\**P \<* .05, \*\**P \<* .01, DMSO vs GFJ). The results are shown as the mean ± SE of 3 independent differentiation experiments.

Discussion {#sec2}
==========

In this study, almost homogenous and highly functioning human iPS-IECMs were generated from human iPSCs by CDX2 transduction. Our experiments showed that the human iPS-IECMs could be used to evaluate the intestinal absorption rate, intestinal first-pass effect, and drug-drug interactions of orally administered drugs.

The intestinal differentiation efficiency and expression levels of drug transporters and metabolizing enzymes were enhanced by CDX2 transduction. Although it was difficult to generate human iPS-IECs that had CYP3A4 expression levels as high as those in the human intestine in vivo,[@bib9], [@bib16], [@bib18] the CYP3A4 expression levels in our Ad-2TF--transduced iPS-IECMs were closer to those in the human adult small intestine in vivo as compared with Ad-LacZ--transduced iPS-IECMs and Caco-2 cells. It is reported that the expression of Cdx2 is essential for the intestinal homeostasis and differentiation of gut stem cells into any of the intestinal cell types.[@bib24], [@bib25] It is also known that Cdx2 ectopic expression induces gastric intestinal metaplasia and that overexpression of CDX2 in gastric cancer cells upregulates the expression of drug transporters.[@bib26], [@bib27] Taken together, these results indicate that high expression of CDX2 is necessary for both intestinal differentiation and acquisition of intestinal functions. In the future, we would like to identify a small molecular compound capable of inducing CDX2 expression, to develop a simple and efficient intestinal differentiation method from human iPSCs.

Recently, Kasendra et al developed a human Small Intestine-on-a-Chip using biopsy-derived organoids and Caco-2 cells, which can evaluate radiation injury--induced cell death and drug responses.[@bib28], [@bib29] To further mimic the complex physical and biochemical microenvironment of living human small intestine, Organ-on-Chip technologies, which can recapitulate the fluid flow and peristalsis-like motions of in vivo tissue, should be adopted in the future. If a 2-channel Organ-on-Chip device consisting of human iPS-IECMs and hepatocyte-like cells were developed, it could be used to predict oral bioavailability (*F* = *Fa*×*Fg*×*Fh*). We consider that the oral bioavailability of poor metabolizers (patients lacking the activity of a certain cytochrome P450) would be predicted by using Organ-on-Chip devices consisting of poor metabolizer-derived iPSCs, which we have established previously.[@bib30]

Here, we developed the human iPS-IECMs, which can be used to evaluate the intestinal absorption rate, intestinal first-pass effect, and drug-drug interactions of orally administered drugs. To further characterize our human iPS-IECMs, we will need to accumulate more data on the absorption rate and intestinal first-pass effect by using other clinically important substrates. Because it is known than not only CYP3A4 but also CYP2C are expressed in the human adult small intestine *in vivo*, it would be possible to predict the intestinal first-pass effect of CYP2C substrates by using our model. Moreover, it might be possible to use our model to elucidate the mechanisms of clinically relevant drug-drug interactions and drug-induced liver and intestinal injuries. We believe that our human iPS-IECMs will be utilized in the early phase of pharmaceutical development, thereby helping to avoid failure in drug development due to pharmacokinetic/bioavailability failures and harmful drug-drug interactions.

Materials and Methods {#sec3}
=====================

Human iPSC Culture {#sec3.1}
------------------

The human iPSC line, YOW-iPSC,[@bib30] was maintained on a feeder layer of mitomycin C-treated mouse embryonic fibroblasts (Millipore, Bedford, MA) with ReproStem medium (ReproCELL, Yokohama, Japan) supplemented with 10-ng/mL fibroblast growth factor 2 (Katayama Chemical Industries, Osaka, Japan).

In Vitro Intestinal Differentiation {#sec3.2}
-----------------------------------

Before the initiation of intestinal differentiation, human iPSCs were dissociated into clumps by using dispase (Roche Diagnostics, Indianapolis, IN) and plated onto the BD Matrigel Matrix Growth Factor Reduced--coated apical chamber (BD Biosciences, San Jose, CA) of BD Falcon cell culture inserts (6-well plate, 1.0-μm pore size, 1.6 × 10^6^ pores/cm; PET Membrane). These cells were cultured in the mouse embryonic fibroblast--conditioned medium for 2--3 days. The differentiation protocol for the induction of definitive endoderm cells was described previously.[@bib9], [@bib16] Briefly, for the definitive endoderm differentiation, human iPSCs were cultured for 4 days in RPMI1640 medium (Sigma- Aldrich, St. Louis, MO) containing 100 ng/mL Activin A (R&D Systems, Minneapolis, MN), 1×GlutaMAX (Thermo Fisher Scientific, San Jose, CA), penicillin-streptomycin, and 1×B27 Supplement Minus Vitamin A (Thermo Fisher Scientific). During the definitive endoderm differentiation, the mesendoderm cells (day 2) were transduced with 3000 VPs/cell of Ad-FOXA2 for 1.5 hours to promote definitive endoderm differentiation.

For the induction of intestinal progenitor cells, the definitive endoderm cells were cultured for 4 days in the intestinal differentiation medium (Dulbecco's modified Eagle medium, high glucose \[FUJIFILM Wako, Osaka, Japan\]) containing 5-μM 6-Bromoindirubin-3′-oxime (BIO) (Calbiochem, San Diego, CA), 1×MEM Non-Essential Amino Acids Solution (Thermo Fisher Scientific), Penicillin-Streptomycin, 1×GlutaMAX, and 100 μM β-mercaptoethanol. supplemented with 10 μM N-\[(3,5-difluorophenyl) acetyl\]-L-alanyl-2-phenyl-1, 1-dimethylethyl ester-glycine (DAPT) (Peptide Institute, Osaka, Japan), and 10% Knockout Serum Replacement (Thermo Fisher Scientific).

For the induction of intestinal epithelial cell monolayers, the intestinal progenitor cells were cultured for 11 days in intestinal differentiation medium supplemented with 1-μM BIO and 2.5-μM DAPT, and then cultured for 15 days in the Wnt-3A--conditioned intestinal differentiation medium supplemented with 0.1-μM BIO, 1-μM DAPT, 250-ng/mL epidermal growth factor, and 10 μM SB431542. During the intestinal differentiation, the intestinal progenitor cells (day 8) were transduced with 3000 VPs/cell of Ad-CDX2 for 1.5 hours to promote intestinal differentiation.

Caco-2 Cell Culture and Differentiation {#sec3.3}
---------------------------------------

The human colorectal adenocarcinoma cell line, Caco-2 (HTB-37), was obtained from the American Type Culture Collection (ATCC, Rockville, MD). Caco-2 cells were cultured with Dulbecco's modified Eagle medium, high glucose containing 1×HEPES (Thermo Fisher Scientific), 10% fetal bovine serum, 1×MEM Non-Essential Amino Acids Solution, penicillin-streptomycin, and 1×GlutaMAX. For differentiation of Caco-2 cells, Caco-2 cells were cultured for 21 days after they reached confluence. The passage number of the Caco-2 cells was between 20 and 40.

RNA Isolation and Reverse-Transcription Polymerase Chain Reaction {#sec3.4}
-----------------------------------------------------------------

Total RNA was isolated from Caco-2 cells, human iPSC--derived cells using ISOGENE (NIPPON GENE, Tokyo, Japan). Total RNA of Human Adult Normal Tissue 5 Donor Pool: Small Intestine and Human Adult Normal Tissue: Colon was purchased from BioChain Institute. Complementary DNA was synthesized using 500 ng of total RNA with a Superscript VILO complementary DNA synthesis kit (Thermo Fisher Scientific). Real-time reverse-transcription polymerase chain reaction (RT-PCR) was performed with SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) using a StepOnePlus real-time PCR system (Applied Biosystems). The relative quantitation of target messenger RNA levels was performed by using the 2^-ΔΔCT^ method. The values were normalized by those of the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH). PCR primer sequences were obtained from PrimerBank (<https://pga.mgh.harvard.edu/primerbank/>).

Immunohistochemistry {#sec3.5}
--------------------

To perform the immunohistochemistry, the human iPSC--derived cells were fixed with 4% paraformaldehyde in phosphate-buffered saline for 10 minutes. After blocking the cells with phosphate-buffered saline containing 10% fetal bovine serum, 1% bovine serum albumin, and 1% Triton X-100 for 45 minutes, the cells were incubated with anti-human ZO-1 antibodies (sc10804), anti-human CYP3A4 antibodies (sc-27639), anti-human CHGA antibodies (ab80787), anti-human MUC2 antibodies (ab118964), or anti-human LYZ (ab36362) at 4°C overnight, and finally, incubated with Alexa Fluor 488-- or 594--labeled secondary antibodies (Thermo Fisher Scientific) at room temperature for 1 hour. Images were taken with a fluorescence microscope (Biozero BZ-9000; KEYENCE, Osaka, Japan) or a confocal laser scanning microscope (FLUOVIEW FV10i; Olympus Life Science, Tokyo, Japan).

Flow Cytometry {#sec3.6}
--------------

Single-cell suspensions of the human iPSC--derived cells were treated with 1×Permeabilization Buffer (e-Bioscience, San Diego, CA), and then incubated with anti-human Villin antibodies (ab109516) or anti-human Sucrase Isomaltase antibodies (sc27603), followed by Alexa Fluor 488--labeled secondary antibodies (Thermo Fisher Scientific). Analysis was performed on a MACSQuant Analyzer (Miltenyi Biotec, Bergisch Gladbach, Germany) and FlowJo software (FlowJo LLC, BD Biosciences).

CYP3A4 Activity {#sec3.7}
---------------

In [Figure 4](#fig4){ref-type="fig"}*D*, ultra-performance liquid chromatography tandem mass spectrometry (UPLC-MS/MS) analysis was performed to examine the CYP3A4 activity. Human iPSC--derived cells and Caco-2 cells were cultured with medium containing 5-μM MDZ (FUJIFILM Wako). The metabolites of each substrate are 1′-OH MDZ. After the treatment with substrates, the supernatant was collected at 2 hours, and then immediately mixed with 2 volumes of acetonitrile (FUJIFILM Wako). Samples were filtrated with AcroPrep Advance 96-well Filter Plates (Pall Corporation, Port Washington, NY) for 5 minutes at 1750 *g*, and then the supernatant was analyzed by UPLC-MS/MS to measure the concentration of metabolites according to each standard curve. UPLC analysis was performed using an Acquity UPLC (Waters, Milford, MA) and MS/MS was performed on a Q-Premier XE (Waters). The mass spectrometer was set to the multiple-reaction monitoring (MRM) mode and was operated with the electrospray ionization source in positive ion mode. MRM transition (*m/z* of precursor ion / *m/z* of product ion) for 1′-OH MDZ were 342.2/203.1. For transition, the cone voltage and collision energy were set at 40 V and 26 eV, respectively. The dwell time for each MRM transition was set at 100 ms. LC separations were carried out at 40°C with an Acquity UPLC BEH C18 column, 1.7 μm, 2.1 × 50 mm (Waters). The mobile phase was delivered at a flow rate of 0.5 mL/min using a gradient elution profile consisting of solvent A (0.1% formic acid/distilled water) and solvent B (acetonitrile). The initial composition of the binary solvent was 10% B from 0 to 0.5 minutes. Solvent B was increased from 10% to 100% over 2.0 minutes. The composition of solvent remained for 1.0 minutes at 100% B. Ten microliters of sample solution was injected into the column. The concentrations of each metabolite were calculated according to each standard followed by normalization to the protein content per well.

CYP3A4 Induction {#sec3.8}
----------------

Total RNA was isolated using an RNeasy Mini Kit (QIAGEN, Hilden, Germany). To measure CYP3A4 induction potencies, the gene expression levels of *CYP3A4* were measured by real-time RT-PCR. Real-time RT-PCR was performed with TaqMan Gene Expression Assays (Applied Biosystems). The assay ID for CYP3A4 is Hs00430021_m1 (Applied Biosystems). The cells were treated with 100 nM VD3 (Sigma-Aldrich) for 21 days and 20 μM RIF (FUJIFILM Wako) for 2 days; these agents are known to induce CYP3A4. Controls were treated with dimethyl sulfoxide (final concentration 0.1%; FUJIFILM Wako). Inducer compounds were replaced daily. Relative quantification was performed against a standard curve and the values were normalized against the input determined for the housekeeping gene, GAPDH, and beta-actin. The assay IDs for GAPDH and beta-actin are Hs02758991_g1 and Hs01060665_g1 (all from Applied Biosystems), respectively.

TEER Measurements {#sec3.9}
-----------------

TEER of human iPSC--derived cells and Caco-2 cells, which were cultured on BD Falcon cell culture inserts (6-well plate, 1-μm pore size, 1.6 × 10^6^ pores/cm^2^; BD Biosciences) from day 0 of differentiation, was measured by Millicell-ERS2 (Merk Millipore). The raw data were converted to Ω×cm^2^ based on the culture insert area (4.2 cm^2^).

Calculation of Apparent Permeability {#sec3.10}
------------------------------------

The *Papp* in transport assay was calculated according to the following equation.$$\mathit{Papp}\  = \ \text{δCr}\ \text{/}\ \text{δt}\ \text{×}\ \text{Vr}\ \text{/}\ \text{(A}\ \text{×}\ \text{C}_{\text{0}}\ \text{)}$$

δCr / δt = permeability rate (δCr = final receiver concentration, δt = assay time); Vr = receiver volume; A = transwell growth area; C~0~ = initial concentration in the donor compartment.

FD-4 Permeability Tests {#sec3.11}
-----------------------

Human iPSC--derived cells and Caco-2 cells, which were cultured on the cell culture inserts, were rinsed with Hank\'s Balanced Salt Solution (HBSS). The 2 mL of HBSS containing 10-mg/mL FD-4 (average molecular weight 3000--5000; Sigma-Aldrich) with or without 13-mM n-capric acid (C10; Nacalai tesque, Kyoto, JAPAN) was added to the apical chamber, and 2.9 mL of HBSS was added to the basolateral chamber. Ca^++^/Mg^++^-free HBSS (Thermo Fisher Scientific) was used in the apical chamber to avoid precipitation of C10. Exclusion of Ca^++^/Mg^++^ from the apical solutions did not affect the integrity of the monolayers because the HBSS in the basolateral chamber contained Ca^++^/Mg^++^. After 90 minutes of incubation at 37°C, the solution was collected from the basolateral side. The FD-4 fluorescent signal was measured with a fluorescence plate reader (TriStar LB 941; Berthold Technologies, Bad Wildbad, Germany) using 490-nm excitation and 520-nm emission filters. FD-4 concentrations were calculated using the standard curve generated by serial dilution of FD-4.

LY Permeability Tests {#sec3.12}
---------------------

Human iPSC--derived cells and Caco-2 cells, which were cultured on the cell culture inserts, were rinsed with HBSS. The 1.5 mL of HBSS containing 60 μM LY CH Dipotassium Salt (FUJIFILM Wako) was added to the apical chamber, and 2.6 mL of HBSS was also added to the basolateral chamber. After 70-minute incubation at 37°C, the solution was collected from the basolateral chamber. The LY fluorescent signal was measured with a fluorescence plate reader (TriStar LB 941) using 428-nm excitation and 535-nm emission filters. LY concentrations were calculated using the standard curve generated by serial dilution of LY.

Drug-Induced Hepatotoxicity Test {#sec3.13}
--------------------------------

Human iPS-IECMs, which were cultured in the apical chamber, were cultured with 100 nM VD3 (Sigma-Aldrich) for 21 days and 20 μM RIF (FUJIFILM Wako) for 2 days. After the CYP3A4 induction, the apical chamber was moved onto the basolateral chamber, which contained 1-aminobenzotriazole (a CYP inhibitor)-treated human iPSC--derived hepatocyte-like cells. Hepatocyte-like cells were generated as described in our previous study.[@bib30], [@bib31] To inhibit CYP activities in the hepatocyte-like cells, these cells were treated with 200-μM 1-aminobenzotriazole for 48 hours before the co-culture. Human iPS-IECMs and hepatocyte-like cells were co-cultured with amiodarone hydrochloride--containing medium (LKT Laboratories, Minneapolis, USA) for 48 hours. Then, the cell viability was assessed by using a WST-8 assay kit (Dojindo, Kumamoto, JAPAN). The cell viability of nontreated cells was taken as 100 in [Figure 7](#fig7){ref-type="fig"}*A*.

Human iPS-IECMs, which were cultured in the apical chamber, were cultured with 12.5-μM 6′,7′-dihydroxybergamottin (Sigma-Aldrich) and 1.98-μM bergamottin (Sigma-Aldrich), which are both main components of GFJ, for 48 hours. After the CYP3A4 inhibition, the apical chamber was moved onto the basolateral chamber, which contained human iPSC--derived hepatocyte-like cells. Human iPS-IECMs and hepatocyte-like cells were co-cultured with amiodarone hydrochloride--containing medium for 48 hours. Then, the cell viability was assessed by using a WST-8 assay kit (Dojindo). The cell viability of nontreated cells was taken as 100 in [Figure 7](#fig7){ref-type="fig"}*B*.

Determination of *Fg* Value {#sec3.14}
---------------------------

Human iPS-IECMs, which were cultured on the cell culture inserts, were preincubated with HBSS adjusted to pH 7.4 with 10-mM HEPES for 10 minutes at 37°C. The 1.5 mL of HBSS containing 3-μM MDZ was added to the apical chamber, and 2.6 mL of HBSS containing 0.1% DMSO was also added to the basolateral chamber. After 60-minute incubation at 37°C, the solution was collected from the basolateral or apical chamber. In addition, human iPS-IECMs were collected at the same time after twice washing with 1mL HBSS. All samples were mixed with internal standard (50-ng/mL candesartan)--containing acetonitrile/ethanol (7:3, v/v). The amount of MDZ and 1′-OH MDZ was measured using UPLC-MS/MS as we described above. The amounts of 1′-OH MDZ found in the apical, basolateral, and cell compartments were summed and entered into following equation, along with the amount of MDZ in the basolateral and cell compartments, to calculate *Fg* value. When apical dosing concentrations of MDZ were relatively low (eg, 3 μM), it is previously reported that 4′-OH MDZ did not contribute significantly to total metabolite formation and it was not included in the calculation of *Fg*. It is known that *Fg* values of VD3-treated Caco-2 cells and human in vivo are 0.86 and 0.57, respectively.[@bib32], [@bib33], [@bib34]$$Fg\ \text{(\%)}\  = \ \ {\text{MDZ}_{\text{(basolateral} + \text{cell)}}/{\ \left\lbrack {\text{MDZ}_{\text{(basolateral} + \text{cell)}}\  + \sum{\text{(}1^{\prime} - \text{OH}\ \text{MDZ)}}} \right\rbrack}}\ $$

Membrane Permeability of Test Compounds {#sec3.15}
---------------------------------------

Human iPS-IECMs, which were cultured on the cell culture inserts, were preincubated with HBSS adjusted to pH 7.4 with 10-mM HEPES for 10 minutes at 37°C. The 1.5 mL of HBSS containing 1-μM antipyrine, metoprolol, fexofenadine, atenolol, and pravastatin was added to the apical chamber, and 2.6 mL of HBSS containing 0.1% DMSO was also added to the basolateral chamber. Antipyrine, metoprolol, fexofenadine, atenolol, and pravastatin were purchased from Sigma-Aldrich. After 30-, 60-, 90-, and 120-minute incubation at 37°C, the solution was collected from the basolateral chamber. Antipyrine, metoprolol, fexofenadine, atenolol, and pravastatin concentration was measured by UPLC-MS/MS. The *Fa* values of antipyrine, metoprolol, fexofenadine, atenolol, and pravastatin were cited from previous studies.[@bib35], [@bib36], [@bib37]

Ad Vectors {#sec3.16}
----------

Ad vectors were constructed by an improved in vitro ligation method.[@bib38], [@bib39] The human CDX1, CDX2, KLF5, and SOX9 genes (accession number NM_001804.2, NM_001265.5, NM_001286818.1, and NM_000346.3) was amplified by PCR. The human CDX1, CDX2, KLF5, and SOX9 genes were inserted into pHMCA5,[@bib40] which contains the CMV enhancer/chicken beta actin promoter, resulting in pHMCA5-CDX1, pHMCA5-CDX2, pHMCA5-KLF5, and pHMCA5-SOX9, respectively. The pHMCA5-CDX1, pHMCA5-CDX2, pHMCA5-KLF5, and pHMCA5-SOX9 were digested with *I-Ce*uI/*PI-S*ceI and ligated into *I-Ce*uI/*PI-S*ceI--digested pAdHM41-K7,[@bib19] resulting in pAd-CDX1, pAd-CDX2, pAd-KLF5, and pAd-SOX9, respectively. The LacZ-, FOXA2-, and SOX17-expressing Ad vectors (Ad-LacZ, Ad-FOXA2, and Ad-SOX17, respectively) were constructed previously.[@bib41], [@bib42] All of the Ad vectors contain a stretch of lysine residue (K7) peptides in the C-terminal region of the fiber knob for more efficient transduction of human pluripotent stem cells and their derivatives, in which the transfection efficiency was almost 100%, and were purified as described previously.[@bib42], [@bib43], [@bib44] The VP titer was determined by using a spectrophotometric method.[@bib45]

RNA Preparation and Microarray Analysis {#sec3.17}
---------------------------------------

Total RNA was isolated from undifferentiated human iPSCs, human iPS (YOW-iPS) cell derivatives, and Caco-2 cells using Trizol LS (Thermo Fisher Scientific) and an RNeasy mini kit (Qiagen) following the manufacturer's instructions. cRNA amplification, labeling, hybridization, and analysis were performed at TAKARA BIO INC. using SurePrint G3 Human Gene Expression 8x60K v3 (Agilent Technologies, Palo Alto, USA).
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